A hydrogen microprint technique was overviewed. Its optimal fixing process was discussed to improve the reproducibility and the spatial resolution of this technique. The examples of its application to the examination of hydrogen transport and hydrogen distribution in steels were introduced. Finally, its detection efficiency was quantitatively discussed.
Introduction
Various studies have been reported on hydrogen embrittlement (HE) or delayed fracture of high strength steels and it is known that hydrogen atoms introduced into steels from environment affect both crack nucleation and propagation. [1] [2] [3] [4] [5] [6] The hydrogen atoms in steels have been roughly divided into two categories: one is non diffusible atoms trapped by grain boundaries, precipitates, inclusions, etc and the other is diffusible atoms which are not trapped. The diffusible atoms are believed to accumulate by stress-induced diffusion at stress concentrated regions prior to crack initiation of HE. Recently, Lufrano and Sofronis used a finite element method to study hydrogen distribution around a rounded notch, and showed that tensile hydrostatic stress and traps generated by plastic straining compete to attract hydrogen. 7) Few experiments, however, have been performed using elemental analyzers to determine local distribution of hydrogen in the stress concentrated region around a notch or a crack tip. This may be partly because analysis of segregated hydrogen atoms is very difficult and they cannot be detected by use of conventional analyzing apparatuses such as an electron probe micro-analyzer of X-rays (EPMA) or an Auger electron microscope (AES).
Under these circumstances, time to fracture or stress to induce fracture has usually been examined and they are related to mean hydrogen concentrations in the specimen as determined by a thermal desorption method [8] [9] [10] ) using a gas chromatograph or a mass spectrometer. Very recently, a study for evaluation of hydrogen embrittlement susceptibility of high strength steel has been made by using a Weibull stress and a diffusible hydrogen content in fracture process zones.
11 ) The concentration of diffusible hydrogen in the zone, however, is obtained only by a calculation using mean hydrogen contents based on certain assumptions and is not experimentally measured.
Even if elemental analyzers with high sensitivities were available, it would be difficult to analyze hydrogen on fracture surfaces of specimens because of extremely high diffusivity of hydrogen compared to the other impurity elements, especially in ferritic and martensitic steels. Nevertheless, there is a strong demand to make a breakthrough in the assessment of localized hydrogen concentration, and there are many trials to assess it by applying various visualizing methods developed specially for hydrogen analysis in metals. This paper provides an overview of one of the hydrogen visualizing methods, a hydrogen microprint technique (HMT), focusing on its recent development and its application to HE.
Visualization of Hydrogen in Steels

Elemental Analyzer
Although a secondary ion mass spectrometer (SIMS) is not as common as the EPMA or the AES because of its high price, it is possible to analyze the amount of hydrogen locally emitted from the surface of specimens. In addition, the SIMS can be used to visualize hydrogen distribution on specimen surface. [12] [13] [14] Unfortunately, the SIMS has a problem that the analysis of hydrogen is strongly affected by the presence of residual hydrogen in the high-vacuum analysis chamber, and, therefore, deuterium atoms are usually introduced into the specimen in place of hydrogen to lower the detection limit for the measurement. 13, 14) Besides, spatial resolution of the SIMS is not so high. Thus, at present, it is hard to apply the SIMS to measurement of the localized hydrogen concentration of ppm order. subsequent developing and fixing to form silver particles in a similar way to photographic process, has been applied to visualization of hydrogen trap sites in steels. [15] [16] [17] 19) Recently, Brass and his co-workers reported that a tritium accumulates at a crack tip of high strength steels. 13, 18) They claimed that they were able to show significant tritium segregation at a crack tip quantitatively, but they stated that additional experiments with more improved spatial resolution will be needed to predict a critical hydrogen content for crack formation and propagation. Since the half-life of tritium is too long (12.33 years) and the ratio of tritium to hydrogen in steels may change during testing period, it may be difficult to obtain quantitative results precisely. In addition, usage of tritium is very strictly limited to only radioisotope centers and it is very hard to perform tests using tritium in general laboratories.
Recently, without the usage of tritium, Razzini and his co-researchers have developed a new hydrogen visualizing method based on photo-electrochemical reaction. 20) Later, they reported the results concerning hydrogen distribution around a crack tip as shown in Fig. 1 by use of an in-situ scanning photoelectrochemical microscopy (PECM). They also demonstrated hydrogen distribution during a bending test.
21) The PECM is very excellent since it can produce continuous images in real-time during testing. However, the spatial resolution of this method is rather low at present and it cannot determine accurate values of hydrogen content. Thus, some sorts of experimental modifications will be required to improve the resolution.
There are other visualizing methods, i.e., a silver decoration method and HMT, which are based on reducing effect of hydrogen atoms. The silver decoration method, in which a solution containing KCN and AgNO 3 is used, was developed by Schober and Dieker to eliminate tedious dark room procedure in handling of a photographic AgBr emulsion and was used to demonstrate higher permeability of hydrogen along dislocations and grain boundaries. 22) Later, however, it was pointed out that the silver decoration technique does not provide quantitative information on the amount of hydrogen emitted from a specimen surface. 23) Besides, it is inconvenient and, in certain cases, dangerous to handle the solution containing cyanides.
On the other hand, Ovejero-Garcia and his co-workers have developed HMT 24) and various papers which employed HMT to visualize hydrogen have been reported [25] [26] [27] [28] [29] [30] because of its high spatial resolution. Since handling of HMT is rather simple, it is convenient to adopt it in general laboratories. However, HMT has revealed only qualitative results in relation to microstructure or a diffusion path. This may be due to the fact that this technique is still on its way to development, and thus some modifications or improvements are needed before its application to the study of HE. To begin with, a modification in relation to the reproducibility of the results obtained by use of HMT will be mentioned in the next chapter. 31, 32) To clarify the meaning of the reproducibility it would be better to explain details of the principle of HMT, first. Figure 2 shows the simple principle of HMT. When hydrogen atoms are emitted from the specimen, they react with silver bromide crystals in a gelatin film, leaving silver particles on the specimen surface. After fixing for removing remaining silver bromide crystals, one can observe the emission points of hydrogen atoms as silver particles. It is usually recommended to apply a very thin coat of nuclear emulsion to examine the relation between hydrogen emission points and microstructures of a specimen, and a wire loop method is used for this purpose.
Reproducibility of Results in HMT
If one wants to know the above relation, it is important to confirm whether silver particles remain at the hydrogen emitted sites throughout the experimental procedure of HMT. In fact, silver particles observed in previous reports are much larger than the original silver bromide crystals of 0.11 mm in diameter, [24] [25] [26] [27] [28] [29] [30] as shown in Fig. 3 . It indicates that silver particles agglomerate apart from hydrogen emitted sites during fixing. This redistribution of silver particles prevents us from observing the sites where the hydrogen atoms were emitted in relation to microstructures of a specimen. Besides, if a part of silver particles are isolated from the gelatin film, it becomes impossible to estimate the amount of emitted hydrogen from the amount of residual silver particles. Although it is well recognized that a hardened gelatin film has an important function to immobilize silver particles in the gelatin film during the photographic process, gelatin hardening has not been discussed in HMT, in spite of its importance in reproducible and quantitative analyses.
An experiment was performed to determine optimal conditions for gelatin hardening and fixing with reference to previous reports 24, 25, 27, 29, 33, 34) as shown in Table 1 . Its experimental procedure is schematically shown in Fig. 4 . A surface of each specimen of 1.8 mm in thickness, which was sliced from a hot-rolled plate of 0.3 mass% carbon steel, was electro-polished and covered with a liquid nuclear emulsion. After the emulsion had dried, the specimen was charged with hydrogen from the opposite surface by immersing it in a 5 % HCl solution for 5 min. During charging hydrogen atoms permeated through the sample and reduced silver ions to silver atoms on the surface. After charging, the specimen was subjected to fixing to remove any remaining silver bromide crystals under the three conditions shown in Table 2 . Preferential hydrogen evolution at d-g interface. 25 ) Table 1 . Fixing procedures used in past HMT. Table 2 . Fixing procedures adopted in the study of reproducibility of HMT. 31, 32) Here, a hardening fixer contains an element that hardens a gelatin film, and in this study a commercial fixer (Konicafix) was used. As a non-hardening fixer, a 15 % sodium hyposulphite solution was used. In the procedure 3, the specimens were dipped into formalin (40 % formaldehyde solution) for 1 sec to harden the gelain film, and then treated with the non-hardening fixer. Figure 5 shows the scanning electron microscope (SEM) images of the specimen treated in the three manners. In the case of non-hardening fixer (procedure 1), the size of observed silver particles was about 10 times as large as that of silver bromide crystals and there was no preferential distribution of silver particles at carbide/ferrite interfaces ( Fig.  5(a) ). The latter result disagrees with that reported in previous papers. 26, 29) On the other hand, procedures 2 and 3 show silver particles whose diameter is nearly equal to that of the silver bromide crystals and a localized distribution of silver particles at the carbide/ferrite interfaces. Since it is known that gelatin swells in a fixing solution and that swelling weakens physical strength of the gelatin film to hold silver crystals in each location, it is reasonable to observe agglomeration of silver particles and disappearance of preferential distribution of silver particles in the case of procedure 1.
However, there was a difference between the results of the two procedures (2 and 3): images of the sample prehardened with formalin ( Fig. 5(c) ) are clearer than those of the samples treated with hardening fixer (Fig. 5(b) ). Gelatin has important functions in the photographic process, but it sometimes prevents clear observation of silver particles. Based on these results, the treatment with formalin followed by non-hardening fixer is probably the optimal procedure. However, further studies are needed to elucidate the cause of the above difference. Application of this modified HMT to visualization of hydrogen transport will be presented in the next chapter.
Application of Modified HMT to Visualization of
Hydrogen Transport Affected by Stress Fields 35, 36) To assess the usefulness of modified HMT, a fundamental phenomenon relative to the HE, i.e., an effect of stress field on hydrogen transport and hydrogen trapping by carbides was studied by use of modified HMT. Two sorts of steels with and without vanadium shown in Table 3 were used and the procedure is schematically indicated in Fig. 6 . Before emulsion coating on an electro-polished and etched plane, hydrogen charging was made from the other side of this plane, and after the coating a four-points bending test was applied to the specimen so that the coated plane became a tension side. Figure 7 shows the results of the effect of bending stress on hydrogen transport. It is clearly revealed that the amount of emitted hydrogen is increased by an applied bending stress of 80 % of the yield stress (0.8YS); the fact indicates that the stress gradient promotes hydrogen diffusion in steel 1.
In order to assess the amount of silver particles corresponding to the amount of emitted hydrogen, the area ratio of silver particles to the entire area was measured in each micrograph of 1 280ϫ870 pixels. White pixels indicating the images of silver particles were counted to calculate the area ratio. Measured area ratio in steels 1 and 2 are shown in Fig. 8 . In the case without bending stress, the amount of emitted hydrogen is larger especially in an early stage in steel l than in steel 2. This can be attributed to hydrogen trapping caused by vanadium bearing compounds: the diffusion coefficient is determined at room temperature by means of an electrochemical permeation test (ECPT) to be 1.5ϫ10 Ϫ10 m 2 /s for steel l and 1.3ϫ10 Ϫ10 m 2 /s for steel 2, respectively. In both steels, applied bending stress of 0.8YS or over YS increases the amount of emitted hydrogen, in other words, promotes hydrogen diffusion in these steels. However, the difference in the rate of hydrogen emission between two steels almost disappears with the application of the stress filed, which means the trapping effect of hydro- 31,32) (a) fixed with non-hardening fixer, procedure 1, (b) fixed with hardening fixer, procedure 2, (c) fixed with nonhardening fixer after gelatin hardening with formalin, procedure 3. Table 3 . Chemical compositions, heat-treatments and mechanical properties of the steels used. 36) gen no longer works in specimens with the stress gradient along the plate thickness. Since the tempering temperature of this experiment is not high enough to produce fine vanadium bearing precipitates, further study is needed to elucidate whether such trapping sites detrap hydrogen under applied stress field in practical use.
Visualization of Hydrogen Distribution Around a Notch
37)
Although HMT is a method which estimates the amount of emitted hydrogen on the surface of specimens, it may become possible to assess the localized hydrogen content inside the specimen in the following manner: interrupting the delayed fracture test by unloading a specimen so as to allow diffusion of accumulated hydrogen atoms out of the fracture process zone, and determining the amount of hydrogen released from the specimen by use of modified HMT.
Based on this idea, distribution of hydrogen emitted around the notches was examined by use of specimens of 1.8 mm in thickness having double notches. Specimens of 0.02 % C steel were cathodically charged with hydrogen from one side, coated with a nuclear emulsion on the other side, subjected to different amounts of tensile stress (0.3, 0.6 or 0.9 of tensile strength) for 168 h, subsequently exposed for 168 h without loading and finally fixed. Distributions of the amount of emitted hydrogen between two notches are shown in Fig. 9 . It is revealed that the amount of emitted hydrogen is larger near each notch compared to the other region. This means that there are regions with hydrogen accumulation around two notches inside the specimen. Similar results were also obtained in high strength steels. 38) In addition to this kind of experiment, it is indispensable to obtain some information how accumulated hydrogen atoms diffuse out of the process zones. For this purpose, an apparent diffusion coefficient of high strength steels shown in Table 3 was firstly measured by means of ECPT at room temperature. Secondly, hydrogen was cathodically charged into plate specimens from one side through a very small region, which can be roughly taken as a point source of hydrogen, and distribution of emitted hydrogen was examined on the other side of surface of the specimen using modified HMT. Finally, a computational simulation was made on hy- Fig. 7 . Effect of applied bending stress on hydrogen transport in steel 1 exposed to emitted hydrogen for 42 h without stress (a) and with a stress of 0.8YS (b). Fig. 8 . Effect of exposure time on the amount of silver that represents the quantity of hydrogen emitted from steel 1 (a) and steel 2 (b). 36) drogen diffusion from the point source using the diffusion coefficient by the finite difference method. As is shown in Fig. 10 , the simulated hydrogen profiles are roughly in agreement with the experimental one. Here, the small difference may be attributed to trapping effects on hydrogen diffusion. Therefore, it can be said that modified HMT is promising for the assessment of the accumulated hydrogen content in the specimen. However, if one wants to assess the amount of hydrogen quantitatively on the basis of the amount of silver particles, a question is left whether one to one correspondence is present between hydrogen and silver atoms. To answer the question, detection efficiency of modified HMT will be examined in the next chapter. 38, 39) In the experiment for determination of the detection efficiency, ECPT and HMT were performed with electrical circuits as illustrated in Fig. 11 using samples having 0.84 % C, 0.74Mn and 0.19Si, which shows a typical microstructure of pearlite. First, the amount of hydrogen emitted from the surface of the specimen was measured by ECPT and the result is shown in Table 4 . Then, HMT was performed under the same charging condition as that for ECPT, and the amount of silver particles remaining on the specimen was analyzed with an energy dispersive X-ray spectrometer (EDXS). Figure 12 shows an example of SEM images of a specimen subjected to the HMT test under two charging conditions. In both cases, observed silver particles are sparsely distributed on the specimens. These results indicate that the efficiency was quite low, since the number of silver particles remaining on the specimens is far smaller than those estimated from the amount of permeated hydrogen determined under the assumption that detection efficiency is unity. In the case of 40 min charging, the efficiency was roughly estimated to be about 1 %. Accordingly, one can deduce that almost all hydrogen atoms released from the surface were recombined to form molecules at the surface, and the hydrogen gas diffused into the atmosphere through gelatin film without reducing silver ions.
36)
Quantitative Evaluation of Detection Efficiency of HMT Applied to Steel
The extremely low detection efficiency of modified HMT will prevent the application of HMT to the study of HE. Thus, enhancement of detection efficiency is indispensable for the future application. Since it is widely known in ECPT that nickel or palladium plating on the anodic side, i.e., the hydrogen exit side of a specimen, facilitates ionization of hydrogen atoms, 40, 41) nickel plating may improve the detection efficiency of HMT. The exit side of the specimen for the HMT test was electroplated with nickel in a manner reported elsewhere 40) and subjected to modified HMT under the same charging condition as mentioned above. Figure 13 shows typical SEM images of the nickel-plated surface for two charging conditions. The number of white silver particles clearly increases with charging time and is remarkably increased compared to that without nickel plating under each charging condition (Fig. 12) . This remarkable increase in the detection efficiency by nickel plating may be related to a difference between steel and nickel in terms of a recombination coefficient of hydrogen on a metal surface. According to Nagasaki and his co-workers, the value of the recombination coefficient on iron is estimated to be 10 000-fold that on nickel. 42) Therefore, the present results shown above can be said to be reasonable. However, a series of experiments indicated that the distribution density of silver particles was markedly influenced by relative humidity surrounding a specimen. As a result, the optimum relative humidity was determined to be about 80 % for obtaining high detection efficiency, and the results shown in Fig. 13 were obtained under the above experimen- tal condition. The detailed discussion of the effect of humidity is reported elsewhere.
39)
To evaluate the amount of silver particles on the specimen charged with hydrogen under each condition (Table 4) , the intensity of the characteristic X-ray of silver La is measured and the results were plotted as a function of the amount of emitted hydrogen (Fig. 14) . It is clear that the intensity of the X-ray increases with an increase in the amount of released hydrogen in the case of nickel plating. On the other hand, the X-ray intensity from the specimen without nickel plating is as low as below detection limit of the EDXS employed in the present experiment even under the charging condition with the highest hydrogen amount.
In order to determine the detection efficiency of HMT sensitized by nickel plating from these results, a calibration curve for the conversion of the X-ray in unit of cps into amounts of silver particles in units of mol/m 2 , was first made by use of a 0.23 mm thick silver foil in the following way. The X-ray intensities obtained from the foil (one and two foils) were measured on an area of 1ϫ1 mm 2 under the same analytical conditions as that described in the caption of Fig. 14 . Then, the intensities were plotted as a function of the amount of silver (mol/m 2 ), which is determined by its weight. Figure 15 shows the relation between the amount of remaining silver as converted from the average X-ray intensities of the results for 80 % relative humidity and the amount of emitted hydrogen. From this relationship, the hydrogen detection efficiency of modified HMT with nickel plating is determined to be about 40 %. Namely, nickel plating enhanced the detection efficiency by a factor of about 40. Based on these results, the assessment of accumulated hydrogen in specimens subjected to the experiment for HE may become possible in the near future.
Summary
The modified hydrogen microprint technique (HMT), which adopted pre-hardening of a gelatin film, has been improved in reproducibility to show points from which hydrogen atoms are emitted. This modified technique succeeded in visualizing the accelerated hydrogen transport in specimens subjected to the bending test as well as the presence of hydrogen accumulation near notches of specimens subjected to the HE test. However, the detection efficiency of modified HMT was found to be extremely low. Introduced nickel plating remarkably increased this efficiency and achieved a high efficiency of about 40 % under the optimum condition of about 80 % relative humidity. This newly developed high sensitive HMT is promising for analyses of localized hydrogen in the study of HE.
© 2003 ISIJ Fig. 15 . Relationship between the amount of hydrogen emitted from the specimen surface and the amount of silver remaining on the surface. From this relationship, the detection efficiency of the HMT with nickel plating is determined to be about 40 %. 39) 
